

  environments-09-00140




environments-09-00140







Environments 2022, 9(11), 140; doi:10.3390/environments9110140




Article



Effects of Microplastic on Human Gut Microbiome: Detection of Plastic-Degrading Genes in Human Gut Exposed to Microplastics—Preliminary Study



Husna Nugrahapraja 1,2, Pramudya Wisnu Wicaksono Sugiyo 3, Balqis Qonita Putri 3, Ni’matuzahroh 3,4, Fatimah 3,4, Li Huang 5, Nourhane Hafza 6, Friedrich Götz 6, Heri Santoso 7, Anjar Tri Wibowo 3,*[image: Orcid] and Arif Luqman 8,*[image: Orcid]





1



University Center of Excellence for Nutraceuticals, Bioscience and Biotechnology Research Center, Institut Teknologi Bandung, Bandung 40132, Indonesia






2



School of Life Sciences and Technology, Institut Teknologi Bandung, Bandung 40132, Indonesia






3



Department of Biology, Faculty of Science and Technology, Airlangga University, Surabaya 60115, Indonesia






4



University CoE Research Center for Bio-Molecule Engineering, Universitas Airlangga, Surabaya 60115, Indonesia






5



Department of Preventive Veterinary Medicine, College of Animal and Veterinary Science, Southwest Minzu University, Chengdu 610093, China






6



Microbial Genetics Department, Eberhard Karls University of Tuebingen, 72076 Tuebingen, Germany






7



Generasi Biologi Indonesia (Genbinesia) Foundation, Gresik 61171, Indonesia






8



Biology Department, Institut Teknologi Sepuluh Nopember, Surabaya 60111, Indonesia









*



Correspondence: anjar.tri@fst.unair.ac.id (A.T.W.); arif.luqman@its.ac.id (A.L.)







Academic Editor: Teresa A. P. Rocha-Santos



Received: 14 September 2022 / Accepted: 7 November 2022 / Published: 9 November 2022



Abstract

:

Microplastics are major pollutants in the environment, and it is currently established that microplastics have already entered human food chains and been incorporated into the human body through ingestion and inhalation. Several works in animal models have already reported the adverse effect of microplastic exposure on biological systems; however, the effect of microplastic contamination on human health is still far from understood. In previous work, we reported microplastic contamination in the digestive tract of the Indonesian coastal and highland population. Using the same stool samples, we extended our previous work by investigating gut microbial composition in samples with and without microplastic contamination using next-generation sequencing. We found that microplastic contamination does not affect overall gut microbial composition and the abundance of gut-health-related genes. However, we found a negative and positive correlation between specific types of microplastics with certain bacterial taxa, especially from the genera Roseburia, Clostridium, and Prevotella. Despite the lack of a profound effect on the gut microbiome, we detected for the first time the presence of genes encoding plastic-degrading enzymes in the human gut microbiome, suggesting an adaptation of gut microbiome to microplastic contamination.
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1. Introduction


Plastic is the biggest pollutant in the ocean ecosystem, and around 12.7 million tons of plastic enters the ocean every year [1]. Among the polluting countries, Indonesia is the second biggest contributor, with around 3.2 million tons of plastic waste produced in Indonesia every year, 1.29 million tons of which ended up in the ocean [1,2]. Due to mechanical and physicochemical processes, in nature, plastics are fragmented into small particles with a size of less than 5 mm in length called microplastics. As a pollutant, microplastics are extremely durable and degrade slowly, often for hundreds or even thousands of years [3]. Because of its abundance, durability, and size, microplastics are often ingested and incorporated in the tissues, organs, and bodies of various sea organisms. Various types of microplastics were found to be accumulated in zooplankton [4], seagrass and algae [5], many Crustaceans [6], and Echinodermata species [7].



Microplastics are also found in different fish species, including species consumed by humans, such as tuna (Scombridae) [8], swordfish (Xiphias gladius) [9], and parrot fish (Scaridae) [10]. In Indonesia, microplastics are detected in marine and freshwater fish, such as in killifish (Aplocheilus sp.) from Ciliwung River, Jakarta [11]; cutlass fishes (Trichiurus sp.) and croaker fish from Pangandaran Bay, West Java [12]; and Gambusia affinis from Brantas River, East Java [13]. Microplastic can be found, not only in sea organisms, but also in salt and bottled water consumed by humans [14,15,16,17]. Consequently, various works have reported the detection of microplastic in human bodies. It has been found in human saliva [16], placenta [17,18], lung tissue [19,20], and stool samples, including stool samples from the coastal and highland populations of Indonesia [21,22].



Depending on age and sex, it is estimated that around 74,000 to 113,000 microplastic particles enter the human body annually [23]. Nevertheless, whether microplastic exposure poses a substantial effect on human health is less understood. The lack of physiological data on the effect of microplastic contamination on human health represents a pivotal gap of information that need to be addressed. Microplastics contain various toxic chemicals [24] that might be harmful for human cells and the microbial community in our digestive tract (gut microbiome). Gut microbiota play pivotal roles in the regulation of the immune system by metabolizing proteins and complex carbohydrates. It produces metabolic products that facilitate cross-talk between gut epithelium and immune cells [25]. Gut microbiota are also involved in the regulation of the nervous system by communicating via the vagus nerve, tryptophan, and short-chain fatty acids’ metabolisms, as well as by contributing to neural development [26,27]. In the digestive system, gut microbiota modulate fat digestion and adsorption, as well as complex carbohydrates’ catabolism [28,29]; they are essential for human health [30]. Several works have reported that exposure to microplastics can lead to gut microbiota dysbiosis in crayfish [23], zebrafish [31], and mice [32]. However, there is still no data regarding the effect of microplastic on the human gut microbiome. In our previous work, we reported microplastic contamination in the Indonesian digestive tract [21,22]. Using the same stool samples, we extended the previous studies by investigating the effect of microplastic contamination on the gut microbiome.



In this study, for the first time, we analyzed the correlation between microplastic contamination and the gut microbiome in human samples. We found that microplastic does not affect the overall profile of the human gut microbiome, but it is both positively and negatively correlated with an abundance of several microbial taxa. We also reported for the first time the detection of genes encoding plastic-degrading enzymes in the human gut, inferring gut microbiota adaptation to microplastic exposure.




2. Materials and Methods


2.1. Study Participants, Stool Sample Collection and DNA Extraction


The stool samples used in this study were the same samples used in previous studies regarding microplastic contamination in the Indonesian digestive tract [21,22]. Stool samples were collected once per individual from 22 healthy participants from 2 study populations: the coastal population of Kenjeran, Surabaya, Indonesia (9 male and 2 female) and highland population of Pacet, Mojokerto, Indonesia (5 male and 6 female) [21,22]. The participants were selected based on the following criteria: in a healthy condition; aged 20–50 years old; and did not consume any antibiotics for 2 months before sample collection. To minimize microbial contamination during sample collection and processing, the participants were provided with sterile glass containers with lids and spoons made of steel. We also used sterile glass and steel utensils during sample preparation and microbiome analysis. The DNA was then extracted directly following stool sample collection using a Zymbiomic DNA Miniprep Kit (Zymo Research). Additionally, some parts of each sample were used for microplastic contamination measurements using Raman spectroscopy [21,22].



The collection of human stool samples was approved by the Health Research Ethic Committee of Universitas Surabaya (No. 005-OL/KE/III/2021). All samples were anonymized and obtained with written consent from the participants.




2.2. Metagenomic Analysis


2.2.1. Library Preparation and Sequencing


Isolated genomic DNA was quality controlled and then subjected for the preparation of sequencing libraries. Libraries were prepared using the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, USA). After library preparation, all libraries were pooled and sequenced with a read length of 2 × 100 bp on an Ilumina NovaseqTM 6000 system (San Diego, CA, USA). The raw data obtained were subjected to bioinformatics, statistical analyses, and deposited to the DNA Data Bank of Japan (DDJP) with submission number SSUB023028.




2.2.2. Taxonomic and Functional Data Analysis


A total of 10 million of the adapter-trimmed raw forward reads were aligned to the RefSeq protein database (version 94) using Diamond in BLASTX mode [33]. Taxonomic placement was performed using the lowest common ancestor (LCA) algorithm, implemented in MEGAN6 Ultimate Edition (version 6.15.2) [34]. Only taxa with relative sequence abundances above 0.001% were considered. Functional classification was carried out in MEGAN6 Ultimate Edition (version 6.15.2) [34] by assigning the reads to KEGG, SEED, VFDB, and Interpro identifiers.



To assess the diversity of the samples, we computed the Shannon–Wiener Index (Hs) and evenness. The Hs is a measure of the total number of species present in each sample (the richness) and how often they occur (relative sequence abundance). To evaluate the similarity between the samples, Bray–Curtis distances were calculated using the relative sequence abundances of the detected species (>0.01%), and a principal coordinates analysis (PCoA) was conducted to assign each sample a location in the 2D space. Using this analysis, groups of very similar samples can be identified, as well as outliers.




2.2.3. Normalized Read Counts


The normalized genes read count was analyzed as previously performed [35]. Sequences of the reference genes (Table S1) were downloaded from the NCBI database. All reads of all samples were mapped against these sequences using BWA [36] and the number of mapped reads extracted from the resulting samfiles using SAMtools [37]. Read counts were then normalized for the number of sequenced reads and the length of the respective genes to make them comparable between samples and between genes.





2.3. Statistical Analysis


Spearman’s correlation analysis was used to determine the relationship between microbial diversity, microbial abundance, and microplastic composition. The microplastic contamination data were taken from previous publications [21,22]. We only performed correlation analysis for the microplastic type with a contamination prevalence value ≥ 3 (out of 22) (Table S2). After sorting, the level of HDPE (high-density polyethylene), PP (polypropylene), and PS (polystyrene) contamination in the stool samples were correlated with microbial diversity and richness value. The contamination levels of these microplastics were also correlated with the relative abundance of microbial taxa at the phylum, family, and genus level. In addition, we also performed correlation analysis between microplastic contamination with the read count of the gut-health-related genes and genes encoding plastic-degrading enzymes. Gut-health-related genes are genes belonging to the gut microbiome that are known to have a positive effect on human gut health.





3. Results


3.1. Coastal and Highland Populations Showed Similar Gut Microbiome Profiles despite Different Microplastic Contamination between the Two Populations


In previous work, we showed that high-density polyethylene (HDPE) was the most prevalent type of microplastic contaminant in the gut of the coastal population, while polypropylene (PP) was the most prevalent microplastic contaminating the gut of the highland population [21,22]. As different populations were exposed to different types of microplastic, we carried out a follow-up study by performing microbiome profiling to investigate the possible correlation between microplastic contamination and gut microbiome composition.



Gut microbiome analyses showed that the microbiota composition between the coastal and highland populations were quite similar. In both populations, the most abundant taxa at the phylum level were Bacteroidetes, Firmicutes, and Proteobacteria; at the family level, the most abundant were Prevotellaceae, Bacteroidaceae, Enterobacteriaceae, and Ruminococcaceae; and at the genus level, they were Prevotella, Bacteroides, Escherichia, and Faecalibacterium. These compositions are comparable to the normal human gut microbiome profiles in generalback [38]. There was also no noticeable difference in gut microbial composition between individuals with and without microplastic contamination in their gastrointestinal tract (Figure 1A; Figures S1A and S2A). In individuals H1, H3, and C3, there were changes in bacterial dominance. In these three individuals, Bacteroides was detected as the most abundant bacteria, while in other samples Prevotella was more abundant. It is unclear whether these microbial changes are related to microplastic contamination as no microplastics were detected in the stool samples collected from individual C3.



In accordance with microbial composition and abundance data, the principal component analyses at the phylum, family, and genus level failed to separate the highland and coastal sample. In addition, there was no visible separation between the samples with and without microplastic contamination (Figure 1B, Figures S1B and S2B). The high abundance of Bacteroides in individuals H1, H3, and C3 was also reflected in the PCoA analysis where these three samples were separated from the rest of the samples.



Although microplastic contamination seems to not have a profound effect on the human gut microbiome, we found significant correlations between microplastic contamination level and the relative abundance of some gut bacteria at the genus and species level (Table 1). HDPE contamination was negatively correlated with the relative abundance of Bacteroides, while PP and PS showed the opposite effect on microbial composition. The PP contamination level in stool was positively correlated with the relative abundance of Roseburia and Clostridium, but negatively correlated with Prevotella copri. On the other hand, PS was negatively correlated with Roseburia and Clostridium but had a positive correlation with P. copri.




3.2. Microplastic Contamination in the Human Gut Showed No Correlation with the Gut Microbiome Diversity and Richness


We further analyzed the microbiome data by performing microbial diversity, richness, and evenness analyses. Sample C3 from the coastal population showed the highest diversity and richness value, clearly separating it from the other samples. This result indicates microbial dysbiosis; however, there was no microplastic contamination detected in the stool samples collected from individual C3, suggesting that the observed microbial dysbiosis was not caused by microplastic contamination (Figure 2). We performed correlation analyses by comparing the level of HDPE, PP, and PS contamination in the stool samples with microbial diversity, richness, and evenness values. We found no significant correlation between these parameters, again indicating that microplastic contamination had no substantial effect on the composition of human gut microbiota. Note that in this study, we only assessed microplastic contamination and gut microbiome composition at one time point. Further studies involving measurements at different time points are required to fully elucidate the effect of microplastics on gut microbiota.




3.3. Microplastic Contamination Did Not Correlate with Gut-Health-Related Gene Abundance


Previous works using human cell cultures and mice experiments showed the adverse effect of microplastic contamination on the immune [39], reproductive [40], and digestive systems [41]. To evaluate the effect of microplastic exposure on the human digestive system, we performed correlation analysis between microplastic contamination with the read count of the gut-health-related genes, such as short-chain fatty acid metabolisms-related genes and aromatic amino acid metabolisms-related genes (Figure 3A and Table S1). Housekeeping gene rpoB (a housekeeping gene, encoding RNA polymerase subunit B) was used as a reference control to analyze the gene reads obtained from metagenome sequencing. The normalized read count of the gut-health-related genes seems to be varied among the samples. scpC, a gene-encoding enzyme related to propionate production [42,43], and ilvE, a gene-encoding branched-chain amino acid aminotransferase [44,45], were found to abundant in the stool samples. In most samples, the read count of these two genes was higher than the housekeeping gene. Other gut-health-related genes, in general, had lower read counts than the housekeeping gene. To investigate whether the variation in the abundance of gut-health-related genes between individuals was correlated with the level of microplastic contaminations, we performed correlation analysis between the two parameters. However, none of the genes were significantly correlated with the level of microplastic contamination, suggesting that the abundance of gut-health-related genes are not influenced by the level of microplastic exposure in the gastrointestinal tract.




3.4. Genes Encoding Plastic-Degrading Enzymes Were Detected in the Human Gut


Although microplastic contamination seems to not affect the overall gut microbiome profile, interestingly, we found that the human gut microbiome harbors various genes that encode plastic-degrading enzymes. We then analyzed the reads by normalizing it, with rpoB as a comparison. Our results show that the samples collected from Indonesian coastal and highland populations contained various plastic-degrading enzyme-encoding genes with a different abundance and prevalence (Figure 3B and Table S1). The gene with the highest read count and also the most prevalent gene was feaB. This gene encodes phenylacetaldehyde dehydrogenase, which is reported to be found in styrene-degrading bacteria [46]. The other plastic-degrading genes were found at a lower abundance and were less prevalent compared to feaB and rpoB. pbsA, a gene-encoding polyester-degrading enzyme, was found only in sample C1 with a relatively high read count. However, the read counts of this gene, or any other plastic-degrading genes, were not correlated with the level of microplastic contamination in the stool samples. This is the first report of the existence of plastic-degrading genes in human stool samples, indicating the adaptation of the human gut ecosystem to constant microplastic exposure.





4. Discussion


Several studies have reported the adverse effect of microplastic exposure in human tissue cultures and in various animal models [41,47,48,49]. However, there is still no data regarding the direct effects of microplastic contamination on human health or physiological condition. Microplastic contamination and accumulation inside the human body have been extensively reported in recent years, such as in skin [16], hair [16], breastmilk [50], placenta [17,18], lung [19,20], and feces [21,22,51]. The detection of microplastics in feces implies that the human digestive tract has been exposed to microplastics. The presence of microplastics in the human digestive tract might cause gut microbiota dysbiosis. To test this hypothesis, we performed metagenome sequencing in stool samples with and without microplastic contamination to obtain an insight into the possible effects of microplastic exposure on the gut microbiome. In this study, microplastic and gut microbial analyses were performed at a single time point, whereas microplastic contamination in an individual might change over time. To fully understand the effect of microplastic on human gut microbiota, measurements at different time points are required. This work is intended to be a preliminary study because the effect of microplastic contamination in human samples has never been evaluated.



Our analyses revealed that there is no significant correlation between the level of HDPE, PP, and PS contamination and the gut microbiota overall composition, richness, diversity, and evenness. A possible explanation for this is that the microplastic contamination level in this study is still too low from the required threshold in which the microplastics can have a substantial effect on the gut microbiome. Our results are in agreement with an in vivo study in mice, which reported that daily exposure to polystyrene and polyethylene microplastics at a contamination level of 266 µg/kg body weight for 6 weeks and 100 mg/kg for 30 days, respectively, did not have a significant effect on the overall gut microbial composition and diversity level [52,53]. However, the reported effect of microplastic exposure on gut microbiota in mice varies. For example, studies by Jin et al. (2019) and Lu et al. (2018) showed that, despite not affecting overall diversity, polystyrene exposure decreased the abundance of α−Proteobacteria, γ-Proteobacteria, Firmicutes, and Actinobacteria [32,54]; and a study by Li et al. (2020) showed that a daily ingestion of 0.4 µg/kg body weight polyethylene increased the abundance of Firmicutes, Melainabacteria, and Bacteroidetes, causing gut microbiota dysbiosis [55]. Similar effects were observed in our study, where polystyrene exposure caused a decrease in Clostridium and Roseburia relative abundance, and HDPE, a derivative of polyethylene, caused a decrease in Bacteroides relative abundance (Table 1).



Gut microbiome plays a crucial role in gut health by metabolizing important compounds such as fatty acids [56,57], branched-chain amino acids [58,59], complex polysaccharides [60], and aromatic amino acids [61,62]. It also produces compounds that functions as activators for some signaling cascades related to immune [63,64], neural [65,66,67], and other physiological responses [56,68,69]. These metabolic capabilities of the gut microbiota are modulated by the controlled expression of the associated genes. However, the abundance of gut-health-related genes in the collected stool samples in this study showed no correlation with the level of microplastic contamination, possibly due to the same reason why the gut microbiome profiles were not affected by microplastic exposure. The level of microplastic contamination detected in this study was not high enough to induce significant changes in gut microbiota composition and gene abundance.



Despite the lack of a significant correlation between microplastic contamination and the microbial profile and gene abundance, surprisingly, genes encoding plastic-degrading enzymes were detected in the stool samples. The occurrence of these genes in the stool samples most probably came from the ingestion of the harboring bacteria. feaB, a gene that encodes phenylacetaldehyde dehydrogenase, which is an enzyme that contributes to styrene degradation [46], was found to be highly prevalent and abundant in the studied human stool samples. On the other hand, pbsA, a gene that encodes poly(tetramethylene succinate) depolymerase, an enzyme that functions in polyester family degradation [70], are the least prevalent plastic-degrading gene, as it was only detected in 1 out of 22 stool samples. The feaB gene was reported to be found in several strains of Eschericia coli [71,72] which is possibly the reason why feaB is the most prevalent and most abundant plastic-degrading gene in this study.



The presence of genes encoding plastic-degrading enzymes in the human gut microbiome imply gut microbiota adaptation against constant microplastic exposure due to human ingestion and inhalation. We hypothesize that the occurrence of microbes with plastic-degrading genes in the human gut is not due to microplastic contamination. It might be acquired from consumed water and food. Microbes that possess plastic-degrading enzyme-encoding genes might already exist in human consumables because plastic is ubiquitous in the environment. These microbes then enter the human digestive tract and colonize the human gut. As microplastic ingestion has been reported to influence the gut bacterial composition [48], it might drive the selective effect that favors the spreading of these genes in the human gut microbiome.




5. Conclusions


In this study, we showed that the level of microplastic contamination in two different Indonesian populations was not correlated with overall gut microbiota composition, richness, and diversity. Microplastic exposure level was also not significantly correlated with the abundance of genes related to gut health. Despite the absence of a correlation, we detected for the first time the existence of genes encoding plastic-degrading enzymes in human stool samples, in human stool both with and without microplastic contamination. Microbes with genes encoding plastic-degrading enzymes might already exist in human consumables, entering the human gut through ingestion. We hypothesized that to have a significant and observable effect on human gut microbiome composition, a certain microplastic contamination threshold is required. In this study, no significant correlation was observed between microplastic contamination and microbiome composition, probably because the threshold had not been met yet. Note that the number of the samples in this study was relatively small for a strong correlation analysis. Studies with larger numbers of samples covering measurement at different time points are required to evaluate the full extent of microplastic effect on human gut microbiota.
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Figure 1. Gut microbiome profiles of Indonesian coastal and highland population exposed to microplastics contamination. (A) Relative abundance of microbia associated with the stool samples of coastal and highland individuals at the genus level. (B) The principal component analysis of the samples based on the gut microbiota composition at the genus level. Abbreviations of samples: C—Coastal, H—Highland, sample code in red represents individuals with microplastic contamination, while sample code in black represents individuals without microplastic contamination. 
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Figure 2. Gut microbiota richness, diversity, and evenness value of Indonesian coastal and highland populations at the phylum, family, and genus level. Abbreviations of samples: C—Coastal, H—Highland, sample code in red represents individuals with microplastic contamination, while sample code in black represents individuals without microplastic contamination. 
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Figure 3. Target genes abundance in the populations contaminated with microplastics. Normalized read counts for (A) genes related to gut health and (B) genes encoding plastic-degrading enzymes with rpoB as housekeeping gene. Abbreviations of samples: C—Coastal, H—Highland, sample code in red represents individuals with microplastic contamination, while sample code in black represents individuals without microplastic contamination. 
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Table 1. Correlation between the level of contamination of microplastic types and the relative abundance of gut bacteria.
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Type of Microplastic

	
Significant Correlated Taxa

	
Spearman’s Correlation Coefficient






	
High-density Polyethylene (Hdpe)

	
Genus




	
Bacteroides

	
−0.821




	
Polypropylene (Pp)

	
Genus




	
Roseburia

	
0.900




	
Clostridium

	
1.000




	
Prevotellamassilia

	
0.900




	
Species




	
Prevotella copri

	
−1.000




	
Prevotellamassilia timonensis

	
0.900




	
Polystyrene (Ps)

	
Genus




	
Roseburia

	
−1.000




	
Clostridium

	
−1.000




	
Species




	
Prevotella copri

	
1.000
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